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ABSTRACT 

In  light  of  the  increased  threat  from  terrorist  activities 
in  recent  years,  there  is  a  critical  need  for  lightweight 
transparent  ballistic  shield  materials  that  are  mechanically 
robust  and  have  multi-functional  properties.  Transparent 
segmented  polyurethanes  (PU)  in  particular  have  shown 
potential  for  use  as  rigid  ballistic  shields  and  as  lens 
materials  for  flexible  C/B  protective  face  masks.  The 
performance  specifications  required  for  each  application 
are  quite  different,  and  the  current  state-of-the-art  PU 
technology  can  not  completely  fulfill  the  full  spectra  of 
materials  survivability  including  the  simultaneous 
mechanical  and  chemical  hardening  against  the  emerging 
operational  threats.  ARL  is  currently  engaged  in 
collaboration  with  the  Institute  for  Soldier 
Nanotechnologies  (ISN)  to  investigate  and  exploit  new 
molecular  mechanisms  for  design  of  novel  hierarchical 
hybrid  structures  to  achieve  the  desired  physical  and 
mechanical  properties.  This  paper  presents  the 
experimental  findings  from  recent  studies  conducted  at 
the  ISN  whereby  the  role  of  molecular  structures  on  the 
dynamic  mechanical  deformation  of  a  model  set  of 
segmented  polyurethanes  was  determined.  The 
microphase  morphology,  thermal  transitions,  molecular 
relaxation,  and  mechanical  deformation  were 
investigated.  The  nature  of  chain  extender  significantly 
affected  the  extent  of  phase  mixing  between  the  hard  and 
soft  segments:  incorporation  of  2,2-dimethyl- 1,3- 
propanediol  (DMPD)  as  the  chain  extender  resulted  in  a 
51°C  increase  in  the  soft  segment  Tg  relative  to  the 
analogous  1,4-butanediol  (BDO)-containing  PU  samples. 
Small-angle  X-ray  scattering  data  indicated  that  the 
structure  difference  between  chain  extenders  was 
correlated  with  a  substantial  change  in  interdomain 
structure.  The  BDO-containing  PU  samples  exhibited  a 
single,  broad  scattering  peak  that  is  typical  of  phase- 
segregated  segmented  polyurethanes;  in  contrast,  no 
characteristic  interdomain  spacing  was  observed  in  the 
highly  phase-mixed,  sterically  encumbered  DMPD- 


containing  samples.  Moreover,  the  extent  of  physical 
mixing  drastically  affected  the  mechanical  deformation  of 
these  model  segmented  PU  materials  whether  they  were 
tested  under  high  strain-rate  loading  or  fold  recovery. 
Across  the  full  landscape  of  these  observables,  molecular 
architecture  played  a  more  influential  role  than  the  hard- 
soft  segment  composition  ratio.  Understanding  these 
material  characteristics  is  vital  to  the  design  of  next 
generation  microphase-separated  materials  for  use  in  both 
ballistic  shields  and  face  masks  for  soldier  protection. 

1.  INTRODUCTION 

Polyurethane  chemistries  are  versatile  and  multi¬ 
functional,  particularly  for  segmented  polyurethanes, 
which  generally  consist  of  copolymers  of  solid-like  hard 
and  rubbery  soft  segments  of  various  sequence  lengths. 
Microphase  separation  as  a  result  of  thermodynamic 
incompatibility  between  these  segments  gives  rise  to  a 
broad  range  of  useful  physical  and  mechanical  properties. 
The  type  and  molecular  weight  of  diisocyanates  and  chain 
extenders  used  in  the  synthesis  of  hard  segments,  and  the 
choice  of  polyether-  or  polyester-based  polyols  for  soft 
segments,  affect  the  morphology  and  bulk  properties  of 
segmented  polyurethanes  (James  Korley  et  ah,  2006; 
Martin  et  ah,  1996;  Miller  and  Cooper  et  ah,  1985;  Wang 
and  Cooper  et  ah,  1983;  Schneider  et  ah,  1975;  Abouzahr 
and  Wilkes  et  ah,  1982;  Byrne,  et  ah  1991;  Duffy  et  ah, 
1990;  Meckel  et  ah,  1996;  Martin  et  ah,  1996).  Aromatic 
diisocyanates  tend  to  render  the  soft  segments  of 
segmented  polyurethanes  difficult  to  crystallize  upon 
cooling,  while  the  aliphatic  counterparts  generally  provide 
less  hindrance  towards  crystallization  (Lee  et  ah,  2000). 
Polyurethanes  made  from  aromatic  diisocyanates  are  also 
more  mechanically  robust;  however,  aliphatic-based 
polyurethanes  offer  excellent  outdoor  UV  and  light 
stability  over  long-term  service  exposure  (Meckel  et  ah, 
1996).  These  materials  have  found  extensive  usage  in 
both  military  and  commercial  applications  in  the  areas  of 
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barrier  materials,  fibers,  hard  coatings  and  engineering 
thermoplastics  (Simula,  2006;  DuPont,  2006). 

The  current  U.S.  Army  Joint  Service  General  Purpose 
Mask  (JSGPM)  program  requires  a  lens  system  that  can 
be  folded  while  providing  a  high  level  of  optical  quality, 
chemical  resistance,  ballistic  eye  protection,  flame 
resistance,  scratch  resistance,  and  environmental 
durability.  Reaction-cast  polyurethanes  have  been 
selected  under  JSGPM  to  replace  polycarbonate  as  lens 
materials  for  field  evaluations  (Figure  1).  Results  showed 
that  some  of  these  polyurethane  materials  had  outstanding 
impact  strength  but  they  could  not  unfold  rapidly  and 
completely  from  bend  deformation  or  storage  over  an 
extended  period  of  time  (Grove,  1999).  On  the  other  hand, 
those  with  complete  fold-recovery  capability  were  found 
to  possess  insufficient  chemical  and  ballistic  protective 
properties  (Grove,  1999).  Fold  recovery  capability  is  an 
important  characteristic  of  the  JSGPM  since  the  ability  to 
fold  in  as  small  a  package  as  possible  and  unfold  rapidly 
and  completely  when  needed  is  imperative  particularly  for 
first  response  teams  and  special  force  operations. 


Polyurethanes  have  also  been  developed  for  use 
in  the  transparent  lightweight  ballistic  shields  applications 
(Dehmer  et  ah,  2000;  Simula,  2006).  Despite  the  ballistic 
performance  of  these  polyurethane  materials  in  the  form 
of  monolithic  sheets,  recent  ARL  research  studies  have 
revealed  that  laminates  made  from  these  PU  materials  did 
not  perform  as  well  as  the  hard/ductile  composites  that 
had  equivalent  overall  areal  density  and  were  prepared 
from  using  PMMA  as  a  front  plate  and  PU  as  a  back- 
support  layer.  The  high  strain-rate  sensitivity  of  PMMA 
was  attributed  to  the  improved  overall  ballistic 
performance  of  PMMA/PU  composites  over  the 
corresponding  PU/PU  configuration  (Hsieh  et  al,  2004). 

In  this  work,  we  have  systematically  evaluated  a 
selected  set  of  model  polyurethanes  to  determine  the 
influence  of  molecular  structure,  in  contrast  to  increasing 
hard  segment  content,  on  glass  transition  temperature, 
viscoelastic  relaxation  and  mechanical  deformation. 
Microphase  separated  morphology  was  examined  by  both 
wide-angle  X-ray  scattering  (WAXS)  and  small-angle  X- 
ray  (SAXS)  scattering.  Thermal  transition  temperatures 


were  determined  by  differential  scanning  calorimetry 
(DSC).  The  frequency  dependence  of  molecular 
relaxation  was  determined  by  both  dynamic  mechanical 
analysis  (DMA)  and  dielectric  analysis  (DEA)  techniques. 
Results  from  these  measurements  were  used  to  correlate 
and  interpret  the  rate -dependent  properties  of  these  PU’s 
when  tested  under  very  different  mechanical  loading 
conditions,  namely  uniaxial  compression  and  fold 
recovery  from  bend  deformation.  The  objective  of  this 
work  is  to  determine  the  molecular  mechanisms  that  are 
critical  for  mechanical  strengthening,  thus  to  enable  the 
design  of  segmented  polyurethanes  with  improved 
materials  survivability  for  protection  against  emerging 
threats. 


2.  EXPERIMENTAL 

2.1  Materials 

Polyurethane  materials  with  controlled  variation  in 
hard  segment  content  and  different  chain  extenders  were 
the  subjects  of  this  study.  The  details  of  material  synthesis 
and  sample  preparation  can  be  found  elsewhere  (Yi  et  ah, 
2006).  In  general,  these  polyurethanes  consist  of  poly- 
carbodiimide-modified  diphenylmethane  diisocyanate, 
(ISON ATE™  143L  modified  MDI,  Dow  Chemical)  and 
poly(tetramethylene  ether)  glycol,  PTMG,  (Terathane® 
1000,  DuPont).  The  ISONATE™  143L  modified  MDI  is 
liquid  at  room  temperature,  and  it  contains 
polycarbodiimide  adduct  linkages  capable  of  providing 
PU  with  stabilization  against  hydrolytic  degradation  (Dow 
Chemical,  2006).  The  chain  extenders  used  included  1,4- 
butanediol  (BDO,  Sigma-Aldrich)  and  2,2-dimethyl- 1,3- 
propanediol  (DMPD,  Sigma-Aldrich).  Three 
polyurethanes,  PU-B-54,  PU-D-55,  and  PU-B-44  were 
selected  for  evaluation.  The  sample  nomenclature 
includes  B  and  D  for  the  chain  extenders  BDO  and 
DMPD,  respectively,  and  the  numerals  reflect  the  hard 
segment  content  that  varies  from  44  to  55  wt.%  in  these 
PU’s.  Compression  molded  sheets  of  about  6  mm  thick 
were  used  for  material  characterization  and  mechanical 
testing. 

2.2  Characterization 

The  ISONATE  143L  modified  MDI  contains 
polycarbodiimide  adduct  linkages  which  can  undergo 
reversible  fonnation  and  dissociation  reactions  at  about 
90  °C  (Dow  Chemical,  2006).  Therefore,  all  the  DSC, 
DMA  and  DEA  measurements  were  conducted  at 
temperatures  below  80  °C  to  avoid  undesirable  chemical 
changes.  Differential  scanning  calorimetry  measurements 
were  performed  in  modulated-DSC  mode  using  a  TA 
Instruments  Q1000  DSC,  in  order  to  eliminate  the 
influence  of  thermal  history  and  physical  aging,  and  to 
ensure  that  accurate  thermal  transition  temperatures  were 
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obtained  directly  from  the  first  heating  scans.  PU  samples 
of  10-15  mg  were  heated  at  3  °C/min  with  a  modulation 
of  ±0.3  °C  every  60  seconds  over  the  temperature  range 
of  -90  to  80  °C.  Dynamic  mechanical  analysis  was 
carried  out  using  a  TA  Instruments  Q800  DMA  in  tension 
mode.  Rectangular  specimen  geometry  with  dimensions 
of  3  mm  width,  2  mm  thickness  and  with  a  gauge  length 
of  9  mm  was  employed.  Measurements  of  dynamic 
mechanical  properties  were  conducted  at  constant  strain 
amplitude  of  0.1%  and  scanned  at  a  fixed  frequency  of  1, 
10  and  100  Hz  from  -156  to  80  °C  at  a  heating  rate  of  3 
°C/min.  Dielectric  analysis  operated  at  multi-frequency 
mode  was  carried  out  using  a  TA  Instillments  DEA  2970. 
Parallel  plate  sensors  were  employed  and  a  maximum 
force  of  250  N  was  applied  to  each  1  mm  thick  sample. 
The  sample  was  preheated  to  55  °C  to  ensure  better 
surface  contact  with  sensors  and  then  cooled  to  -100  °C, 
followed  by  scanning  at  a  rate  of  2  °C/min  at  selected 
frequencies  of  1,  3,  10,  30,  100,  300,  1000,  3000,  and 
10000  Hz.  Capacitance  and  conductance  were  measured 
to  obtain  the  permittivity  (e'),  the  dielectric  loss  (e")  and 
the  tan8  {=&"/&').  For  simplicity,  the  term  glass  transition 
temperature,  Tg,  is  used  when  comparing  the  glass  or  a 
transition  temperature  data  obtained  from  DSC,  DEA  and 
DMA.  Uniaxial  compression  measurements  at  constant 
strain  rate  were  conducted  on  an  Instron  1350  servo- 
hydraulic  test  machine  using  a  true  strain  rate  control 
mode.  The  compression  specimens  were  12  mm  in 
diameter  and  6  mm  in  height.  Small-angle  X-ray 
scattering  measurements  were  performed  using  a 
Molecular  Metrology  SAXS  equipped  with  CuKa 
radiation  and  a  two-dimensional,  gas  proportional  multi¬ 
wire  Gabriel  detector.  Variations  in  beam  intensity  were 
corrected  by  subtracting  the  normalized  background 
radiation.  The  transmission  factor  was  obtained  from 
intensity  measurements  using  a  photodiode  placed  on  the 
beam  stop.  The  sample-to-detector  distance  was  1094 
mm.  Wide-angle  X-ray  scattering  data  were  collected 
using  the  above  configuration  with  the  insertion  of  a  Fuji 
image  plate  between  the  sample  and  SAXS  detector,  at  a 
distance  of  105  mm.  A  hole  bored  in  the  center  of  the 
WAXS  image  plate  allowed  for  passage  of  the  small- 
angle  reflections  to  the  SAXS  detector. 

The  ability  of  these  model  PU  samples  to  recover 
from  bending  deformation  was  measured  following  the 
test  procedure  recommended  by  ASTM  D65 15-00 
(ASTM,  2004).  The  ends  of  rectangular  specimens  of 
dimensions  50  mm  x  25  mm  x  1  mm  were  secured  with 
binder  clips  and  then  maintained  under  folded  conditions 
for  selected  periods  of  time.  Evaluation  of  fold  recovery 
was  performed  by  taking  photographs  to  record  the 
unfolding  events  as  a  function  of  time. 

3.  Results  and  Discussion 


3.1  Morphology  Analysis  and  Thermal 
Characterization 

The  polycarbodiimide-modified  MDI  has  an  aromatic 
nature  similar  to  MDI,  and  additionally  has  average 
isocyanate  functionality  greater  than  two  (Dow  Chemical, 
2006).  Therefore,  it  was  anticipated  that  the  hard 
segments  in  these  model  PU  samples  would  be  less  well- 
packed  compared  with  other  aliphatic  diisocyanate -based 
PUs.  Indeed,  this  is  consistent  with  the  wide-angle  X-ray 
data,  in  which  a  similar  broad  reflection  with  a  Bragg 
spacing  of  4.3  A  is  observed  for  all  three  PU  samples.  On 
the  other  hand,  the  small-angle  X-ray  scattering  data, 
shown  in  Figure  2,  reveal  that  the  interdomain  structure 
varies  substantially  across  the  series.  Samples  PU-B-54 
and  PU-B-44,  which  both  possess  the  chain  extender  1,4- 
butanediol  (BDO),  exhibit  a  broad  scattering  peak  typical 
of  phase-separated  segmented  polyurethanes.  This  peak 
has  been  assigned  to  the  spacing  between  hard-segment 
domains  within  the  soft-segment  continuous  matrix.  The 
interdomain  spacing  is  1 1  nm  for  PU-B-54,  and  shifts  to  a 
larger  distance,  13  nm,  for  PU-B-44  as  a  result  of  lower 
hard  segment  content.  Sample  PU-D-55,  in  contrast,  with 
the  chain  extender  DMPD,  exhibits  no  scattering  peak  in 
the  small-angle  region.  This  suggests  a  lack  of  significant 
interdomain  correlations  due  to  greater  phase  mixing.  The 
influence  of  chain  extender  chemistries  is  also  evidenced 
in  the  DSC  data.  The  BDO-containing  samples,  PU-B-54 
and  PU-B-44,  show  similar  soft  segment  glass  transition 
temperatures  (Tg),  at  -36  °C  and  -34  °C,  respectively.  On 
the  other  hand,  sample  PU-D-55  displays  a  soft  segment 
Tg  at  much  higher  temperature  of  15  °C.  This  increase  of 
51  °C  in  soft  segment  Tg  of  sample  PU-D-55  over  PU-B- 
54  again  suggests  that  the  steric  effect  associated  with  the 
pendant  methyl  groups  in  DMPD  results  in  an  altered 
packing  of  the  hard  segment  regions,  thus  leading  to 
better  phase  mixing  between  the  hard  and  soft  segments. 
Both  SAXS  and  DSC  results  clearly  indicate  that  the 
influence  of  DMPD  in  the  shift  of  soft  segment  Tg  as  well 
as  in  the  packing  order  of  hard  segments  is  more 
significant  in  comparison  to  the  increasing  of  hard 
segment  content. 


Fig.  2.  SAXS  data  of  PU-B-54,  PU-D-55,  and  PU-B-44. 
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3.2  Molecular  Relaxation 


Measurements  of  viscoelastic  relaxation  were  carried 
out  by  both  DMA  and  DEA.  While  DMA  usually 
performs  at  frequencies  below  100Hz,  DEA  on  the  other 
hand  can  operate  up  to  106  Hz.  Therefore,  for  polymers 
containing  dipolar  groups,  DEA  which  measures  the 
change  of  polarization  in  an  electric  field  can  complement 
the  DMA  in  probing  the  same  segmental  relaxation  but  at 
higher  frequencies  (McCrum  et  al.,  1991).  Figure  3 
depicts  a  plot  of  the  tan5  vs.  temperature  data  obtained  by 
DMA  at  frequencies  of  1  Hz  and  10  Hz.  Increasing  the 
hard  segment  content  slightly  increases  the  soft  segment 
glass  transition  temperature  of  PU-B-54  over  PU-B-44  at 
all  frequencies.  However,  incorporation  of  DMPD  chain 
extender  yields  PU-D-55  with  a  glass  transition 
temperature  much  higher  than  PU-B-54  and  PU-B-44,  as 
seen  in  DSC.  The  glass  transition  temperature  increases 
with  increasing  frequency;  moreover,  the  tan 5  values 
increase  with  either  hard  segment  content  or  chain 
extender  DMPD  incorporation.  Both  are  correlated  to  a 
decrease  in  phase  separation  or  improved  phase  mixing  as 
indicated  by  the  SAXS  data.  Therefore,  the  greater  the 
phase  mixing  in  these  model  PU’s,  the  higher  the  dynamic 
mechanical  relaxation  strength  at  all  frequencies.  The 
frequency  dependence  of  molecular  relaxation  is  also 
evidenced  in  the  dielectric  (DEA)  measurements.  The 
glass  transition  temperature  data  are  consistent  in  both 
DEA  and  DMA.  Figure  4  is  a  typical  plot  of  tan5  vs. 
temperature  data  obtained  from  DEA.  It  is  noteworthy 
that  Tg  of  PU-B-54  remains  below  10  °C  even  as 
frequency  increases  to  10,000  Hz,  similar  to  PU-B-44,  yet 
Tg  of  PU-D-55  reaches  room  temperature  when  frequency 
is  as  low  as  1-3  Hz.  These  results  suggest  that  PU-D-55, 
relative  to  the  BDO-containing  samples,  changes  more 
rapidly  from  leathery  to  glassy  as  frequency  increases. 
Therefore,  varying  the  extent  of  phase  mixing  by 
changing  the  molecular  compatibility  between  hard  and 
soft  segments  plays  a  larger  role  in  the  rate  dependence  of 
molecular  relaxation  when  compared  with  the  influence 
of  altering  the  hard  segment  content. 


Fig.  3.  DMA  data  obtained  at  1  Hz  (black)  and  10  Hz 
(red)  for  samples  PU-B-54,  PU-D-55,  and  PU-B-44. 


Fig.  4.  DEA  data  for  sample  PU-B-54,  obtained  at 
dielectric  frequency  of  10,  100,  1,000  and  10,000  Hz; 
frequency  increased  for  curves  from  left  to  right. 

3.3  Mechanical  Deformation 

The  mechanical  response  of  segmented  polyurethanes 
can  be  altered  greatly  based  on  the  choice  of  hard  and  soft 
segments  and  their  compositions.  In  this  work,  we  focus 
on  two  aspects  of  mechanical  deformation  including  rate- 
sensitivity  under  uniaxial  compression  and  fold  recovery 
after  bend  deformation. 

3.3.1  Compression  Measurements 

The  influence  of  molecular  structures  on  quasi-static 
and  high  strain-rate  compression  was  examined  in  these 
model  segmented  PUs.  Both  BDO-containing  PU-B-54 
and  PU-B-44  samples  exhibited  little  change  in  initial 
stiffness  over  the  strain  rate  10"2-1  s"1  (Figure  5).  On  the 
other  hand,  PU-D-55  with  DMPD  has  the  lowest  value  of 
yield  stress  among  the  three  at  room  temperature,  yet  it 
displayed  a  drastic  change  in  stiffness  over  the  same 
quasi-static  regime  (Figure  5).  Sample  PU-D-55  displayed 
rubbery-like  deformation  at  10"2  s"1  but  it  became  leathery- 
like  at  1  s'1.  These  results  indicate  that  the  strain-rate 
sensitivity  of  increasing  stiffness  or  flow  stress  is 
significantly  dependent  upon  the  extent  of  physical 
mixing  between  hard  and  soft  segments;  furthermore,  the 
molecular  influence  is  much  more  dominant  than  the 
variation  of  hard  segment  content.  The  molecular 
dependence  of  strain-rate  hardening  is  also  consistent  in 
the  high  strain-rate  deformation  measured  by  split 
Hopkinson-bar  compression  (Yi  et  al.,  2006).  At  strain 
rate  103  s'1,  PU-B-44  appeared  leathery-like  and  PU-B-54 
with  higher  hard  segment  content  became  nearly  glassy, 
while  the  DMPD-containing  PU-D-55  turned  out  to  be 
completely  glassy.  Figure  6  compares  the  flow  stress 
taken  at  strain  0.15  and  the  DMPD-containing  PU 
exhibits  the  highest  strain-rate  sensitivity  among  these 
model  PU  samples  (Yi  et  al.,  2006). 
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Fig.  5.  Compression  stress-strain  data  for  PU-B-54  (top), 
PU-B-44  (middle),  and  PU-D-55  (bottom)  obtained  at 
strain  rates  0.002  (  ),  0.01  (red),  0.1  (green)  and  1 

(blue)  s"1  (Yi  et  al.,  2006). 

3.3  Fold  Recovery 

As  mentioned  above,  face  masks  with  complete  fold 
recovery  capability  in  addition  to  chemical/biological 
barrier  properties  are  critical  for  the  first  response  team 
during  mission-critical  conditions.  Measurements  of  the 
ability  to  recover  from  bend  deformation  were  conducted 
for  samples  after  being  folded  with  binder  clip  for 
selected  periods  of  time.  A  profound  difference  in  fold 
recovery,  induced  by  merely  altering  the  chain  extender, 
was  apparent.  Figure  7  are  photographs  taken  before  and 
after  samples  first  folded  with  a  binder  clip  for  two 
minutes  and  then  recovered  after  30  seconds  from  stress 
release.  Both  PU-B-54  and  PU-B-44  samples  unfolded 


rapidly  and  completely,  while  PU-D-55  underwent 
unfolding  at  a  much  slower  rate. 


Fig.  6.  Flow  stress  (taken  at  strain  0.15)  vs  strain  rate  data 
for  BDO-containing  PU’s  with  54  wt.%  (0)  and  44  wt.% 
(A)  hard  segment  content,  and  for  DMPD-containing  PU 
with  55  wt.%  (□)  hard  segment  content  (Yi  et  al.,  2006); 
flow  stress  values  at  0.002  s"1  are  7.3  MPa,  2.6  MPa  and 
1.6  MPa  for  PU-B-54  (0),  PU-B-44  (A)  and  PU-D-55  (□), 
respectively,  which  were  used  for  correlation  with 
apparent  crosslink  density  and  fold  recovery  data. 


Fig.  7.  Photographs  taken  from  fold  recovery 
measurements  showing  clamped  (top)  and  unfolded 
(bottom)  PU  samples. 

The  fold-recovery  behavior  correlated  well  with 
the  apparent  crosslink  density  (ve)  estimated  from  the 
rubbery  plateau  modulus  data  from  DMA  based  on  the 
following  equation  derived  from  rubber  elasticity  theory 
for  the  ideal  crosslinked  networks  (Sperling,  1986;  Chen, 
2006) 

ve  =  E'  /  3RT  (T  »  Tg)  (1) 

where  R  is  the  gas  constant,  T  is  the  temperature  and  E'  is 
the  modulus  for  crosslinked  polymers  taken  at 
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temperatures  well  above  Tg.  The  ve  values  calculated 
based  on  rubbery  plateau  modulus  (Eb)  data  at  75  °C  are 
listed  in  Table  1.  Incorporation  of  DMPD  resulted  in 
significantly  lower  apparent  crosslink  density  than  the 
BDO-containing  PU  samples:  PU-D-55  has  only  one- 
sixth  the  effective  crosslink  density  of  PU-B-54,  despite 
their  similar  hard  segment  contents.  The  material  response 
under  fold-recovery  resembled  the  low  strain-rate 
deformation  observed  at  0.002  s"1  (Figure  6),  and  both 
were  dominated  by  the  apparent  crosslink  density  of  these 
model  PUs.  Samples  PU-B-54  and  PU-B-44  have  higher 
flow  stress  (7.3  MPa  and  2.6  MPa,  respectively)  than  PU¬ 
D-55  (1.6  MPa),  and  both  BDO-containing  PUs  recovered 
easily  from  fold  deformation.  On  the  contrary,  increasing 
the  apparent  crosslink  density  via  an  increase  in 
microphase  separation  caused  a  significant  decrease  in 
strain-rate  sensitivity.  These  experimental  findings  clearly 
demonstrate  that  the  extent  of  phase  mixing  is  critical  to 
segmented  polyurethanes  over  the  full  spectra  of 
mechanical  deformation  from  high  strain-rate  hardening 
to  complete  fold  recovery. 

Table  1.  DMA  rubbery  plateau  modulus  (Eb)  data  and 
values  of  apparent  crosslink  density  of  PU  samples 


calculated  from  Eq 

in.1. 

Eb  (MPa)  at  75  °C 
from  DMA 

ve  (mol/M3) 

PU-B-54 

52.4 

6.0 

PU-D-55 

7.9 

0.9 

PU-B-44 

18.5 

2.1 

CONCLUSIONS 

Mechanical  deformation  measurements,  as  well 
as  morphology  characterization,  thermal  analysis  and 
molecular  relaxation  were  carried  out  on  selected  model 
segmented  polyurethanes.  The  extent  of  phase  mixing 
appeared  to  be  the  predominant  molecular  mechanism 
that  affected  the  mechanical  deformation  in  terms  of  both 
the  high  strain-rate  hardening  and  fold  recovery 
considerably  among  these  model  segmented 
polyurethanes.  Better  phase  mixing  between  the  hard  and 
soft  segments  occurred  when  DMPD  was  used  as  a  chain 
extender.  This  was  verified  by  both  DSC  and  SAXS  data. 
PU  samples  containing  DMPD  had  no  significant 
interdomain  correlations  but  the  BDO-containing  PU 
samples  displayed  the  broad  scattering  peak  typical  of 
segmented  polyurethanes.  Furthermore,  the  greater  the 
phase  mixing  in  these  model  PUs,  the  higher  the  dynamic 
mechanical  relaxation  strength  at  all  frequencies. 

PU  sample  with  DMPD  had  the  lowest  value  of 
yield  stress  at  room  temperature;  however,  it  displayed  a 
drastic  increase  in  stiffness  as  strain  rate  increases.  This 
DMPD-containing  PU  sample  appeared  to  be  rubbery-like 
mechanical  deformation  at  10"2  s"1,  then  leathery-like  at  1 


s"1  and  became  completely  glassy  as  strain  rate  reached 
103  s"1.  Furthermore,  varying  the  extent  of  phase  mixing 
by  changing  the  molecular  compatibility  between  hard 
and  soft  segments  played  a  larger  role  in  the  rate 
dependence  of  molecular  relaxation  when  compared  with 
the  influence  of  altering  of  the  hard  segment  content. 
These  observations  suggest  that  polyurethanes  with 
greater  phase  mixing  will  be  more  effective  engineering 
materials  when  high  strain-rate-dependent  properties  are 
required,  and  hence  incorporating  PUs  with  improved 
dynamic  hardness  will  be  favorable  in  the  design  of 
hard/ductile  hybrids  for  ballistic  shield  applications. 

Increasing  the  hard  segment  content  alone  led  to 
higher  flow  stress,  improved  fold  recovery  but  lower 
dynamic  mechanical  relaxation  strength.  On  the  contrary, 
increasing  the  phase  mixing  by  merely  altering  the  chain 
extender  to  DMPD  resulted  in  substantially  higher 
relaxation  strength  and  strain-rate  sensitivity  yet  was 
found  detrimental  to  fold  recovery  among  these  model 
segmented  polyurethanes.  These  findings  clearly 
demonstrate  that  the  current  segmented  PU  technology  is 
not  capable  of  providing  flexible  lenses  with  both  desired 
properties  of  high  strain-rate  mechanical  hardening  and 
complete  fold  recovery.  Hence,  exploiting  new  molecular 
mechanisms  as  an  alternate  approach  is  essential  and  will 
be  undertaken  in  the  design  of  hierarchical  hybrid 
structures  that  can  fulfill  the  full  spectra  of  physical  and 
mechanical  deformation  requirements. 
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